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ABSTRACT
Stencil printing continues to be the dominant method of
solder deposition in high volume surface mount assembly.
Control of the amount of solder paste deposited is critical in
the case of fine pitch and ultra-fine pitch surface mount
assembly. The process is still not well understood as
indicated by the fact that industry reports 52 - 71 % SMT
defects are related to the solder paste stencil printing
process.
The purpose of this paper is to identify the critical variables
that influence the volume, area, and height of solder paste
deposited. An experiment was conducted to investigate the
effects of relevant process parameters on the amount of
solder paste deposited for Ball Grid Array (BGA) and Quad
Flat Package (QFP) of 5 different pitches ranging from 0.76
mm (30 mil) to 0.3 mm (12 mil). The effects of aperture
size, aperture shape, board finish, stencil thickness, solder
type, and print speed were examined. The deposited solder
paste was measured by an in-line fully automatic laserbased 3-D triangulation solder paste inspection system.
Analysis of Variance (ANOVA) shows that aperture size
and stencil thickness are the two most critical variables. A
linear relationship between transfer ratio (defined as the
ratio of the deposited paste volume to the stencil aperture
volume) and area ratio (defined as the ratio of the area of
the aperture opening to the area of the aperture wall) is
proposed. The analysis indicates that the selection of a
proper stencil thickness is the key to controlling the amount
of solder paste deposited and that the selection of maximum
stencil thickness should be based on the area ratio. The
experimental results are shown to he consistent with a
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For a circular (BGA) aperture: ARR = W(2H)
For a rectangle (QFP) aperture: ARR = LW/[Z(L+W)Hl
Where R is the radius of the circular aperture; H is the
stencil thickness; L is the length of the rectangular aperture;
and W is the width of the rectangular aperture.

model, which will also be described in this
paper.

INTRODUCTION
The need for higher pin count, higher performance, smaller
size and lighter weight has driven the development of
advanced packages such as Quad Flat Package (QFP), Ball
Grid Array (BGA), Chip Scale Package (CSP), and Flip
Chip. These high-density packages have had a tremendous
impact on board-level assembly. One of the main
challenges continues to be the solder paste deposition
process and, specifically, controlling the amount of solder
paste deposited.

The critical AAR value is where deposited solder paste
volume equals the aperture volume and no excess paste is
scooped. The critical value and constant C can be obtained
through experimentation. Note that the critical AAR value
and constant C depend on the squeegee attack angle and the
seal condition between the squeegee and the stencil. The
model shows that thicker stencils do not necessarily mean
higher solder prints and the selection of maximum stencil
thickness should be based on the area ratio.

Stencil printing is one of the most cost-effective processes
for solder paste deposition and it has been widely used in
traditional surface mount assembly. If the process can apply
solder balls for BGA, CSP and flip chip assembly, it will
accelerate the development and utilization of these
advanced packages. However, the solder paste stencil
printing process is still not completely understood as
indicated by the fact that industry reports 52 - 71% of fine
pitch SMT defects are related to the solder paste stencil
printing process [l].

Stencil
Apenure sizes & tolerance
Aperture geomeuy shape
Aperture wall roughness
Apenure wall angle
Stencil thickness
Aspect ratio
Area ratio
Stencil material
Flatness
Pattern size vs. time size

The stencil printing process is described as follows: When
the squeegee is moved along the stencil surface, it forces
the solder paste to roll in front of the squeegee and generate
a high pressure. The high pressure injects the solder paste
into the stencil aperture, which covers the desired areas of
the pad of the PCB. The stencil is lifted off after the print
stroke is finished and the solder paste is left on the pad of
the PCB [21.

Solder paste

Viscosity
Flux rheology
Particle size &distribution
Slump

Shear strength
Homogeneity
Pale composition
Adhesion
Stability and consistency
Compatibilitywith substrate

Print speed

Printer machine

Separation speed
Snapoff distance
Printer alignment

Squeegee pressure
Downstop distance

There are many variables that influence the quality of the
stencil printing process, which is measured by the amount
and position of solder paste deposited. Figure 1 gives a list
of important process variables. Pan [I 11 reviewed the work
on investigating the effects of the process variables. Since
there are more than 4.5 variables, to identify the critical
variables is necessary.

Alignment capability
Precision
Parameter controls
Vision system

Printing

Print direction
Stoke length
P a l e quantity
Wiping of stencil

An analytical model of the aperture filling process in solder
paste stencil printing was developed [Z]. In this model,
aperture opening size, stencil thickness and squeegee attack
angle are concluded to be three critical variables. The
deposited solder volume is independent of the stencil
thickness. If the squeegee attack angle is fixed and the seal
condition between the squeegee and the stencil remains the
same, the relationship between transfer ratio and area ratio
is:

Repeatability

Cleanliness

Squeegee hardness
Squeegee angle
Size and shape of edge
Squeegee length

Board finish (material)

squeegee
merial
squeegee
tip s t r

Solder mask height relative to pad
Pad width relative to apemre width
Geomeuy size

~ ~

Figure I . Factors that influence the stencil printing process

TR= C*AAR
AAR < a critical value
TR=
1
AAR > a critical value
Where TR is the transfer ratio, which is defined as the
deposition volume divided by the aperture volume; C is a
constant; AAR is the area ratio, which is defined as the
ratio of the area of aperture opening to the area of the
sidewall of the aperture.

EXPERIMENT DESIGN
The Boa1 of this experiment is to determine which are the
critical variables that control the amount of solder paste
deposited, to validate the model and to determine the
critical AAR value. Based on the model, the previous
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Group 3: circular (BGA) apertures with the diameters of
0.38 mm (15 mil), 0.32 mm (12 mil), 0.25 mm (10 mil), 0.2
mm (8 mil), and 0.15 mm (6 mil). Each diameter had 216
pads. A total of 1080 pads were evaluated.

studies [l-111, and discussions with the engineers at
Visteon, six variables were selected for this study. They are
stencil thickness, aperture size, aperture shape, board finish,
solder paste type, and print speed. The response variable is
the volume, area, and height of solder paste deposited,
which was measured by an in-line fully automatic laserbased 3-D solder paste inspection system. Table 1
summaries the variables and their levels for the experiment.
Table 2 shows the aperture size of the stencils. Table 3
compares the solder paste characteristics of Type 3 and
Type 4.
Stencil thickness
0.1 mm (4 mil)
Solder paste type
Type 3
Board finish
Immersion Ag
Print speed
2 idsec
See Table 2
ADerture
size
I
.
1 Aperture shape I See Figure 2
* HASL = Hot Air Solder Leveling.

The test pattern was designed as a 3 x 3 Latin Square so the
variability due to the pad positions relative to the squeegee
and squeegee travel direction were eliminated. The test
pattern is shown in Figure 2. It should be noted that the
information about aperture size and shape in this design is
confounded because they are all in a block. The other 4
factors: stencil thickness, board finish, solder type, and
print speed were designed as a factorial design. Due to the
time limit of the use of the printing machine in a production
line, only one replication was selected. So a total of 16
boards (2-level 4 factors factorial design) were printed.

0.15mm (6 mil)
Type 4

HASL*
8 idsec
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Table 3 . Solder Paste SDecification

1 Metalcontent
Flux type

I 90%

1 No-clean LR 735

I
Figure 2. Test Pattern of Stencils and FR-4Boards

* F.O.G. (Fineness of Grind) is a simple test to check for
the largest particle/agglomerate size in a paste.

/

In order to generate comparative data on specified process
variables, the remaining process variables were determined
based on the engineer's knowledge and experience and
limited to the values shown in Table 4.

The stencil used for the research was laser-cut from
stainless steel. Two stencil thicknesses were selected. One
is 0.1 mm (4mil) and the other was 0.15 mm (6 mil). Both
of the stencils had the same pattern, which included three
aperture groups:
Group 1: regular rectangular (QFP) apertures with the
widths of 0.38 mm (15 mil), 0.32 mm (12 mil), 0.25 mm
(10 mil), 0.2 mm (8 mil), and 0.15 mm (6 mil). Each width
had 102 pads in the "parallel to squeegee travel" orientation
and 102 pads in the "perpendicular to squeegee travel''
orientation. A total of 1020 pads were evaluated.
Group 2: slant rectangular (QFF') apertures with the widths
of 0.38 mm (15 mil), 0.32 mm (12 mil), 0.25 mm (10 mil),
0.2 mm (8 mil), and 0.15 mm (6 mil). Each width had 30
pads in the "45 degrees to squeegee travel" orientation and
30 pads in the "135 degrees to squeegee travel" orientation.
A total of 300 pads were evaluated. Note that the distance
of aperture-to-aperture is designed much larger than the
pitch to make measurement feasible.

Printer
Squeegee
Squeegee pressure
Down-stop distance
Snap-off distance
Separation speed

MPM AP HiE
8 inch metal squeegee blade
with 45 degree
8 lb
0.0835 inch
On-contact
Level 6 (about 0.6-0.9 mm/s)

In order to keep solder paste properties the same for each
run, the paste was kneaded 3 times before printing. The
reason is that the viscosity of solder paste may change after
it was kneaded a different number of times. To get the
steady state results, each run printed three times and only
the third print was measured because the results of the first
two may be unstable. The third board of each run was
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measured right after it was printed since a long wait time
between print and measurement could cause the solvent of
paste to evaporate and result in a lower amount when
measured.
A fully automatic solder paste inspection system is
currently used for inspection of 0.635 mm (25 mil) QFP
components of automobile electronics products. An
experiment was conducted to investigate whether the
system can be used successfully for measuring 0.4 mm and
0.3 mm pitch QFPs and BGAs [3]. The results indicate that
the system is capable of measuring down to 0.3 mm (12
mil) pitch QFPs and 0.5 mm (20 mil) pitch BGAs, but fails
for 0.4 mm (16 mil) and 0.3 mm (12 mil) pitch BGAs in
this project due to too small solder deposits. Therefore, the
data of 0.4 mm and 0.3 mm pitch BGAs was removed in
the analysis which will be described in the next section.

ratio. The difference between the model and experimental
results can be explained by 2 reasons. The first is that part
of the paste is deposited outside of the pads of the PCB due
to misalignment between the stencil and the PCB (the
stencil aperture are designed the same size as the pad sizes
of the PCB). The second is that part of the paste sticks to
the inside of the stencil apertures. It was found that if the
area ratio of BGA apertures equals that of QFP apertures,
the two transfer ratios are also equal. That indicates that the
relationship between transfer ratio and area ratio is
independent of the aperture shape.

ANALYSIS OF THE DATA
Effects of Aperture Size and Stencil Thickness
The data were analyzed using AnaIysis of Variance
(ANOVA). The ANOVA Table for the volume of solder
paste deposited for QFP apertures is shown in Table 5. It
shows that aperture size (pitch) and stencil thickness have
statistically significant effects on the volume of solder
deposited. It is intuitive that a bigger aperture will result in
more volume than a smaller one. One may think that a
thicker stencil will deposit more volume than a thinner one
too. However, this is not always true. The interaction plot
of QFP aperture size and 'stencil thickness in Figure 3
shows that the 0.1 mm (4 mil) stencil deposited more
volume than the 0.15 mm (6 mil) stencil at the 0.3 mm
pitch level. The interaction plot of BGA aperture size and
stencil thickness in Figure 4. shows that the 0.1 mm stencil
deposited more volume than the 0.15 mm stencil at the 0.5
mm pitch and 0.635 mm pitch level. Similar experimental
results were reported by Fujiuchi and Toriyama [9].They
found that the bump volume with a stencil thickness of 60
pm is larger than that of a stencil thickness of 80 pm.
Another analysis was performed using transfer ratio as the
response variable. The ANOVA Table for transfer ratio of
QFP apertures is shown in Table 6, and that of BGA
apertures in Table 7. The results indicate that pitch
(aperture size) and stencil thickness are still the critical
variables since they have larger F-ratios. The interaction
plot of QFP shown in Figure 5 illustrates that the transfer
ratio of the 0.15 mm stencil increases as the pitch increases,
while the transfer ratio of the 0.1 mm stencil remains
constant as the pitch increases. The interaction of BGA in
Figure 6 illustrates that the transfer ratio of the 0.15 mm
stencil increases rapidly as the pitch increases, while that of
the 0.1 mm stencil increases slowly as the pitch goes up.

Source
Main effect
A:Pitch
B:Stencil
Thickness
C:Aperture

I

Sumof
Squares

Df

Mean
Square

F-Ratio

4.77883
0.542481

4
1

1.19471
0.542481

40964.5
18600.7

0.0174194

I

3

1

0.00580648

I

199.09
~~

T B o a r d Finish
E:Solder Type
F:Print Speed

0.0057145
0.0001592
0.0056206

1
1
1

0.00571457
0.000159239
0.00562065

195.94
5.46
192.72

The relationship between transfer ratio and area ratio is
shown in Figure 7. When AAR is larger than 0.6, the
transfer ratio is a constant at about 0.9. When AAR is less
than 0.6, the transfer ratio is proportional to the area aspect
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Squares
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Main Effects
A:Pitch
45.1981
B:Stencil
8.72832
Thickness
C:Aperture Shape
3.8069
D:Board Finish
1.12135
E:SolderType
I 0.163262
F:Print Sueed
14.11505
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Df
4

1
3
1
1

I

I

1

I
I

Mean
Square

F-Ratio

11.2995
8.72832

760.07
587.11

1.26897
1.12135
0.163262
4.11505

85.36
75.43
10.98
276.80

0.06

8

5 0.04

o_

I
1

* 0.02
0.2

0.3

0.4

0.5

Pitch (rnrn)

0.7

0.6

0.8

Figure 3. Interaction plot of QFP aperture size and stencil
thickness.
0.016
0.014

I

c

0
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E
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E

2 0.008

? 0.006
0.004
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I

(I)

0.002
0.4

0.6
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0.7
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Pitch (rnrn)
Figure 4. Interaction plot of BGA aperture size and stencil
thickness.

I

1

Table 7. ANOVA for BGA Solder Transfer Ratio
Source
1 Sumof I Df I Mean 1 F-Ratio I

0.4

. ..

'
0.2

__
:l

I

0.3

0.4

0.5
0.6
Pitch (mrn)

0.7

0.8
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Figure 5 . Transfer ratio vs. Pitch for QFP apertures
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Figure 6. Transfer Ratio vs. Pitch for BGA Apertures

Effects of Solder Paste and Print Speed
Transfer Ratio vs. Area Ratio

The effect of print speed has confused many engineers
because conflicting experimental results were reported.
Mannan, et al. [6] found a linear rise in paste height with
squeegee velocity during stencil printing. Wilson and
Bloomfield [7, 81 reported that no noticeable deterioration
in print height occurred in print speeds from 25 mm per
second to approaching 200 mm per second.

I

I
1

.-0
5 0.8

-a

0.6

0.4
I-

0.2

The ANOVA analysis in Tables 5, 6, and 7 shows that
strong interaction between solder paste and print speed
exists. The interaction plot of solder paste and print speed
for QFP apertures and BGA apertures are shown in Figure
9 and Figure 10. It indicates that the transfer ratio of solder
type 3 increases rapidly as the print speed increases while
that of solder type 4 decreases a little bit as the print speed
increases. It can be concluded that the selection of optimal
print speed should be based on solder paste type and the
print speed could be used to adjust the volume, area, and
height of solder deposits.

0
0

0.2 0.4 0.6 0.8

1

1.2 1.4 1.6 1.8

Area Ratio

Fig. 7 Comparison of the model and experimental results
(points: experimental data; line: model)

Effects of Aperture Shape
The plot of the mean of deposited solder volume versus
aperture direction is shown in Fi,gre 8. It indicates that
perpendicular apertures (longer side of the apertures
perpendicular to the squeegee travel direction) deposit 89% more volume than parallel apertures, while the volume
difference between slant apertures and back slant apertures
is much smaller. The actual aperture sizes of the two
stencils were measured by a microscope since the
information of aperture shape was confounded in this
experiment. It was found that the perpendicular apertures
were slightly (about 3%) wider than the parallel apertures.
There is no statistically significant difference between the
slant aperture sizes and the back slant aperture sizes.
Deducting the aperture size difference, perpendicular
apertures print 5 6 % more volume than parallel apertures.
Analysis on the height of solder deposits draws the same
conclusion. This is a well known experimental phenomena
[5, 61. It can be concluded that arranging the squeegee 45
degrees with respect to the stencil apertures would decrease
the variation of the solder deposits height and volume.

0.9
0.88
0.86 m
EQ 0.84
c
g 0.82
E 0.8
0.78
0.76
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-_-__ -_

--_---_
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HASL. The area of solder paste deposited on HASL boards
is found always slightly larger than that on silver boards.
This may be due to the dome shape of HASL boards. The
smooth surface with immersion silver allows the stencil to
seal against the pad of the board and to prevent paste from
forming solder bridging.
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Figure 10. Interaction plot of solder type and print speed for
BGA apertures
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This experimental phenomena may be explained as follows:
the amount of solder paste deposited is determined by the
aperture opening size and paste pressure generated. The
paste pressure is proportional to the viscosity of solder
paste times the print speed [2]. Since solder paste is a nonNewtonian fluid, its viscosity changes with the change of
shear rate. The high print speed results in a high shear rate
so that the viscosity of the paste decreases. The result of the
solder viscosity times the print speed depends on the solder
rheology (the change in viscosity versus the shear rate).
Different solder pastes have different rheologies. This is
why an interaction exists between solder paste and print
speed.

0.4

0.3

0.5

Pitch (mm)

0.6

0.7

0.8

Figure 11. Transfer ratio vs. board finish for QFP apertures.
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.-0 0.8
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~+-Immersion Silver
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-

0.5

EffectsofBoard Finish

0.4

0.3 !
0.4

The most common surface finish of PCB is hot-air solder
leveling (HASL). However, the dome of the pad (uneven
surface) from HASL can affect the fine pitch solder paste
printing [121. Therefore, other surface finishes including
immersion deposition are receiving attention these days. A
comparison of different board finishes was made by Seto, et
al. [13] and Bratin, et al. [14]. No reports on effects of
board finish seem to have been published yet.

0.5

0.6
Pitch (mm)

0.7

0.8

Figure 12. Transfer ratio vs. board finish for BGA apertures

CONCLUSIONS

The relationship between the transfer ratio of deposited
solder paste and the board finish for different pitches of
QFP and for BGA are shown in Figure 11 and Figure 12. It
indicates that more solder paste was deposited on HASL
boards when the area of aperture opening is small (all BGA
apertures and 0.3 mm pitch QFP apertures) while more
solder paste was deposited on silver boards when the area
of aperture opening is big (larger than 0.3 mm pitch QFP
apertures). In addition, an interaction between solder type
and board finish is found.

The following conclusions are drawn from our analysis:
1) The most critical process variables influencing the
amount of solder paste deposited are aperture size and
stencil thickness.
2) The transfer ratio is determined by the area ratio.
Thicker stencils do not necessarily mean higher solder
prints. The area ratio of larger than 0.6 is
recommended for the selection of a proper stencil
thickness.
3) A strong interaction between print speed and solder
paste type indicates that a proper print speed should be
selected depending on the solder paste type.
4) A perpendicular aperture prints higher and more
volume than a parallel aperture. Aperture orientation of

One of the important considerations of board finish is
flatness of board surface. Generally, boards with immersion
silver have a better surface in flatness than boards with
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[6] S.H. Mannan, N.N. Ekere, I. Ismail, and E.K. Lo,
"Squeegee Deformation Study in the Stencil Printing
of Solder Pastes," IEEE Transactions on Components,
Hybrids, and Manufacturing Technology, Vol. 17, No.
3, pp. 470-475, 1994.
[7] T. Wilson and D. Bloomfield, "An Optimistic Outlook
for Ultra Fine Pitch (Part I)," Electronic Production,
pp. 39-42, February 1995.
[8] T. Wilson and D. Bloomfield, "An Optimistic Outlook
for Ultra Fine Pitch (Part II)," Electronic Production,
pp. 83-86, March 1995.
[9] S. Fujiuchi, and K. Toriyama, "Collective Screen
Printing for Carrier Bump and SMT Pads,"
Proceedings of IEEUCPMT International Electronics
Manufacturing Technology Symposium, pp. 109-112,
1994.
[lo] W. E. Coleman, "Stencil Design for Advanced
Packages," SMT, Vol. 10, No. 6, pp. 34-37, 1996.
[ 11J Jianbiao Pan, "Modeling and Process Optimization of
Solder Paste Stencil Printing for Fine Pitch Surface
Mount Assembly," Ph.D. Proposal, Lehigh University,
Bethlehem, PA, 1998.
[ 121George Trinite, "Importance of Board Planarity," SMT,
Vol. 13, No. 1 (special supplement: Guide to Soldering
&Printing), pp. 12-13, 1999.
[ 131P. Seto, J. Evans and S . Bishop, "Analysis of the
Palladium Finish," SMT, Vol. 13, No. 6, pp. 60-63,
1999.
[ 141Peter Bratin, Michael Pavlov and Gene Chalyt,
"Evaluating Finishes Using SERA," PC FAB, Vol. 22,
NO. 5, pp. 30-37, 1999.

45 degrees and 135 degrees with respect to the
squeegee can decrease the variation of solder deposits.
5) Small apertures print more on HASL boards and big
apertures print more on immersion silver boards.
Solder deposits on HASL boards cover more area than
that on immersion silver boards.
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